Cranial irradiation used to control CNS malignancies can also disrupt the vasculature and impair neurotransmission and cognition. Here we describe two distinct methodologies for quantifying early and late radiation injury in CNS microvasculature. Intravascular fluorescently labeled lectin was used to visualize microvessels in the brain of the irradiated mouse two days post exposure and RECA-1 immunostaining was similarly used to visualize microvessels in the brain of the irradiated rat one month post exposure. Confocal microscopy, image deconvolution and 3-dimensional rendering methods were used to define vascular structure in a ~4×10 7 µm 3 defined region of the brain. Quantitative analysis of these 3D images revealed that irradiation caused significant shortand long-term reductions in capillary density, diameter and volume. In mice, irradiation reduced mean vessel volume from 2,250 to 1,470 µm 3 and mean vessel diameter from 5.0 to 4.5 µm, resulting in significant reductions of 34% and 10% respectively. The number of vessel branch points and area was also found to also drop significantly in mice 2 days after irradiation. For rats, immunostaining revealed a significant, 3-fold drop in capillary density 1 month after exposure compared to controls. Such radiation-induced disruption of the CNS microvasculature may be contributory if not causal to any number of neurocognitive side effects that manifest in cancer patients following cranial radiotherapy. This study demonstrates the utility of two distinct methodologies for quantifying these important adverse effects of radiotherapy.
Introduction
Cranial irradiation remains the frontline treatment for CNS malignancies, providing the best available restraint on disease progression. While targeted radiotherapy has enhanced tumor cell kill, normal tissue damage is an unavoidable consequence of such procedures that can lead to an array of unintended side effects (Tofilon and Fike 2000; Fike et al. 2009 ). Neurocognitive complications are typically associated with the radiotherapeutic management of brain cancer and can be caused by a number of underlying pathologies (Abayomi 1996; Meyers 2000; Surma-aho et al. 2001) . Past work from our laboratory and those of others has found cranial radiation exposure to be linked to the inhibition of neurogenesis (Mizumatsu et al. 2003; Parihar et al. 2014) , reduction of dendritic complexity (Parihar and Limoli 2013; Parihar et al. 2015) and increased neuroinflammation (Parihar et al. 2014; Acharya et al. 2015b ). The study of radiation injury to the brain has a long history, and has been reviewed by several groups over the last 15 years (Tofilon and Fike 2000; Wong and Van der Kogel 2004; Greene-Schloesser et al. 2012) . Past controversy regarding the critical target cells (parenchymal oligodendrocytes or stromal endothelial cells) for normal tissue injury that can be dose limiting in the clinical setting (van der Kogel 1986) , has subsided in light of new data. Current views of radiation injury incorporate the concept of secondary reactive processes in which temporally complex waves of oxidative stress and inflammation conspire to disrupt CNS function at many levels (McBride 1995; Tofilon and Fike 2000; Wong and Van der Kogel 2004; Fike et al. 2009 ). One target of these processes is the microvasculature. For many years it has been acknowledged that irradiation could compromise vascular structure (Reinhold et al. 1990 ) and lead to dose-dependent endothelial apoptosis (Ljubimova et al. 1991; Pena et al. 2000; Li et al. 2003) . Based on a wealth of past data, it seems likely that certain negative neurocognitive consequences of cranial irradiation may be linked to disruptions of the microvasculature network.
Recent advances in imaging techniques have provided unprecedented capability to quantify radiation-induced changes to neuronal structure (Parihar and Limoli 2013; Parihar et al. 2015) and microvasculature (Robertson et al. 2015) . State-of-the-art software algorithms now enhance the ability to quantify structural changes to critical CNS structures, and evaluate the effects of irradiation on the microvasculature using a variety of novel techniques. Here we demonstrate how the use of the Imaris software platform can expedite the imaging and analysis of the microvasculature, which can be paired with previously described techniques to quantify these changes in the irradiated brain.
Materials and methods

Animals and irradiation
All animal procedures were carried out in accordance with NIH and Institutional Animal Care and Use Committee guideline using 8-month old male mice (C57Bl6/J, Jackson) and 6-month old athymic nude rats (ATN, Cr:NIH-Foxn1rnu, strain 316, Charles River), N=4-6 per group. For irradiation, animals were anesthetized using isoflurane (5% induction, 2.5% maintenance) and placed ventrally on a treatment table (XRAD 320 irradiator, Precision Xray) without restraint. The head was positioned using a 1.0 cm 2 diameter collimator to shield the cerebellum, eyes and rest of the body from radiation exposure. A beam-conditioning filter was used to filter out low energy x-rays and minimize skin damage (0.75mm Sn + 0.25mm Cu + 1.5mm Al; HVL=3.7mm Cu, half value layer). Mice were subjected to 9 Gy head-only irradiation and rats were subjected to 10 Gy head-only irradiation, delivered at a dose rate of 1.0 Gy/min. Mice were euthanized 2 days after irradiation and 30 min after injection of lectin, rats were euthanized 30 days after irradiation.
Lectin injections and perfusions
To visualize the blood vessels in the brain, Dylight 488 or 594-labeled Lycopersicon esculentum tomato lectin (Vector Laboratories, Burlingame) was administered via tail vein injection. Mice were anesthetized with isofluorane and 1 mL saline was injected subcutaneously. Fur was removed from the tail (Veet; Reckiff Benckisen, Parsippany, NJ) and body temperature was maintained at 37°C using a heating pad. An insulin syringe was used to inject 100 µl of lectin per animal in the tail vein (BD Insulin Syringes with UltraFine needle, 31G). After 30 minutes, animals were sacrificed and perfused with 4% paraformaldehyde (Acros Organics, Geel, Belgium, http://www.acros.com). Brain tissues were subsequently processed for coronal sectioning (30-µm thick using a cryostat; Leica Microsystems, Wetzlar, Germany, http://www.leica.com).
Immunostaining
Serial sections through the middle of the hippocampus were selected for staining and washed in Tris-buffered saline (TBS; 100 mM, pH 7.4; Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com). For RECA-1 immunostaining, free-floating sections were incubated in 30% H 2 O 2 for 30 minutes followed by Tris-A for 20 minutes (TBS with 0.1% Triton-X-100; Sigma-Aldrich). Sections were blocked with 10% normal donkey serum and incubated in mouse anti-RECA-1 antibody overnight (1:200, AbD Serotec). Sections were incubated for 1 hour with biotinylated donkey anti-mouse (1:200) secondary antibody and color was developed using the ABC Elite and Vector SG kits (Vector Labs, USA). Sections were counterstained using nuclear fast red. For lectin injected mouse tissues, sections were counterstained using DAPI and TOTO-3 iodide (1 mmol/l in TBS for 15 minutes; Life Technologies, Invitrogen) to visualize cells and mounted in ProLong Diamond Antifade Mountant (Refractive index: 1.47; ref. P36970; Life Technologies, Eugene, OR).
Image acquisition
Images were acquired using a laser-scanning confocal microscope (Nikon Eclipse Ti, EZ-C1 interface, Japan) with NIS-Elements AR software (version 4.30.02; Nikon) equipped with a 20×/0.75 NA objective (Nikon). Approximately 30 z-stack images at 1-µm were obtained to analyze blood vessels. Fluorescent Dylight 488 lectin was imaged with 493 nm excitation and 518 nm emission and Dylight 594 lectin was imaged with 592 nm excitation and 617 nm emission.
3D quantification of microvasculature
Images were deconvoluted using AutoQuant software (version X3.0.4, 64-Bit Edition; Media Cybernetics, Inc., Rockville, MD). Spacing was set to 1.26867 × 1.26867 × 1 (µm); and wavelengths were set at 447 nm (DAPI) and 785 nm (TRITC). An adaptive, theoretical PSF (blind) deconvolution method was used. Deconvoluted images were imported into Imaris ×64 (version 8.1.2, Bitplane AG, Zurich, Switzerland) for 3D surface rendering and quantitative analysis of vessel parameters. After display adjustment, the DAPI filter was removed to view the images in Blend mode with rendering quality set to 100%. Background subtraction was set to 9.25 µm and the threshold was reduced to fully cover all vessels. A volume filter was applied to remove nonspecific staining and minimum thresholds were used for both unirradiated and irradiated groups. To quantify vessel length and branch points, a filament was created from a masked surface channel using a threshold (loops) algorithm setting. A minimal ratio of branch length to trunk radius was set to 6. The same threshold parameters were used for both control and irradiated groups.
RECA-1+ microvessel tracing
Stereological assessment was conducted using a Nikon microscope (Nikon TE2000-E, Japan) equipped with a MBF color digital camera, 20×/0.75 NA objective lens (Nikon), 3-axis motorized stage (Bio Precision 2, Ludl, NY), and an Optical Fractionator probe (StereoInvestigator, MBF Bioscience, VT). Systemic random sampling (SRS) and image stack analysis modules were used to acquire batch images through the anterior-posterior planes of the hippocampus. The acquired images were uploaded on an MBF Workstation (MBF Biosciences) and the RECA-1+ positive vessels (black, on a nuclear fast red counterstained background) were traced for volumetric quantification using the Optical Fractionator Probe and SRS according to unbiased stereological principles. All analyses were conducted blind from coded slides (9-12 hippocampus/animal, n = 4-6 animals/ group).
Statistical analysis
All statistical analyses were performed using Prism3 software (La Jolla, CA) where data were assessed for significance at a level of P < 0.05 by 2-tailed Student's T-tests. All data were represented as mean ± standard error of the mean (SEM).
Results
Lectins allow for rapid identification of blood vessels for 3D surface rendering
To rapidly identify all blood vessels in the brain, mice were injected via tail vein with Lycopersicon esculentum tomato lectin 488 (Fig. 1) . Lectin uniformly and strongly binds to vessels of varying sizes throughout the brain which can be visualized along with cell nuclei counterstained with DAPI (Robertson et al. 2015) . To quantify vessel parameters in the hippocampal region of interest ( Fig. 1 ) deconvoluted Z-stack are taken through a series steps involving unbiased image optimization, 3D surface rendering, background removal and lastly, volume, surface area and filament tracing algorithms using the Imaris software suite (Fig. 2) . This process was systematically applied and provided for the high resolution analysis and 3D surface rendering of deconvoluted confocal z-stacks (Fig. 3A-B ). Images were analyzed using a "Blend" setting to observe vessels in 3D (Fig. 3C ) and background nuclei were removed from the analysis to create the 3D surfaces of vessels (Fig. 3D ). Microvessels were analyzed seperately, where relatively smaller vessels were shown in purple and larger vessels were shown in turquoise (Fig. 3E, F) . Individual cells comprising a vessel were identified using the DAPI channel to visualize nuclear staining along the 3D surface (Fig. 3F) . Filament tracing was employed to quantify vessel length and branch points (shown in red, Fig. 3F ). The uniformity of lectin staining throughout the hippocampus can also be presented in 3D, where surface rendering of microvessels provides a useful tool for visualizing and quantifying radiation-induced changes in microvessel volume (Fig. 4) . These types of high resolution z-stacks can also be merged and rotated about multple axes to create an animated rendering of fluorescent vessels. An example of this is provided in the Supplementary Information (Movie S1).
Cranial irradiation reduced microvessel volume in the dentate gyrus
Mice were subjected to 9 Gy head-only x-irradiation and were admininstered Lycopersicon esculentum tomato lectin 594 via tail vein injection 2 days post-irradiation. Representative fluorescent images demonstrate a reduction in microvessel density/abundance in the irradiated hippocampus relative to 0 Gy controls (Fig. 5A-B ). Surfaces were created using identical threshold parameters for both unirradiated and irradiated tissues to quantify microvessel volume, allowing for accurate volume quantification by normalizing fluorescent intensities in unirradiated and irradiated tissues (Fig. 5C-D) . Average microvessel volumes were also normalized for variations in number of z-stacks and area of tissues by calculating volume/µm 3 . Quantification of the microvasculature in the hippocampus of unirradiated animals demonstrated a mean volume/µm 3 of 2247 ± 121 while volumes were significantly reduced in the hippocampus of irradiated mice with a mean volume/µm 3 of 1474 ± 98 (p ≤ 0.0001, Fig. 5E ).
Quantification of multiple vessel parameters by 3D surface analysis
Mean area and total number of vessels were quantified for irradiated and control animals using 3D surface analysis. In order to quantify vessel length and number of branch points, a filament trace was created where threshold parameters remained identical for both control and irradiated tissues. Analyses of each experimental group within a normalized area show that all microvessel structural parameters are reduced in the irradiated animals compared to controls (Table 1) . With 0 Gy controls set to unity, relative differences in multiple microvessel parameters were measured in the 9 Gy irradiated animals. As shown in Figure 6 , mean vessel volume/µm 3 in irradiated mice was significantly reduced to 65% ± 5% relative to 0 Gy controls (p ≤ 0.001). Similarly, the mean area of hippocampal microvessels in irradiated mice was significantly reduced to 76% ± 3% relative to unirradiated controls (p ≤ 0.01). Lastly, the number of branch points was significantly reduced in animals subjected to 9 Gy of irradiation with 57% ± 10% relative to 0 Gy controls (p ≤ 0.05, Fig. 6 ). The lower number of branch points correlated with the reduced length of remaining vessels. Although not statistically significant, total numbers and mean lengths of vessels were also reduced to 90% ± 3% and 87% ± 4% respectively, in 9 Gy irradiated animals compared to unirradiated controls. Therefore, the number of branchpoints
Cranial irradiation reduces RECA-1+ microvessels in the rat hippocampus
To validate our methods and findings from the mouse studies and to determine the persistence of the observed effects of irradiation on microvessels in the hippocampus we also evaluated rats one month after cranial irradiation (10 Gy). In place of the lectin staining used in the mouse study, we used RECA-1 immunostaining to visualize vessels in the rat hippocampus. Microvessels stained positively for RECA-1 within the dentate gyrus were traced using Neurolucida to quantify volume/µm 3 . This analysis revealed a marked difference in the number of RECA-1+ vessels in the irradiated hippocampus compared to unirradiated controls (Fig. 7A-B) . Quantification of microvasculature density revaled a 3-fold decrease in irradiated animals relative to unirradiated controls (Fig. 7C ). These data demonstrate a greater magnitude, but qualitatively similar result in the rats over a longer post-irradiation interval (1 month) compared to the data obtained in mice after a shorter post-irradiation time (2 days).
Discussion
The functional integrity of the vasculature dictates the health of nearly every normal tissue in the body. This is particularly true for the CNS where even modest disruption to the blood brain barrier (BBB) or cerebral blood flow can have dire short and long-tem consequences (Zlokovic 2008; Zlokovic 2010 ). The vasculature is also susceptible to exogenous and endogenous insults, including the vast majority of the physical and chemical agents used to deter the spread of primary and metastatic cancer. Radio-and chemotherapies used to combat brain cancer have been shown to compromise cognition after the cessation of treatment (Butler et al. 2006; Myers 2009 ), and represent a major concern in the therapeutic management of cancer (Vardy et al. 2008) . The causes of treatment-associated cognitive impairment are many, including increased neuroinflammation and disruptions to host neuronal structure (Parihar and Limoli 2013; Parihar et al. 2014; Acharya et al. 2015a) . Given the high metabolic demands of the CNS (Simonian and Coyle 1996; Smith et al. 1999 ) that are in large part dependent on cerebral blood flow, it is important to consider how changes in the vascular bed might contribute to neurocognitive outcomes following cancer treatments. For this reason, animals subjected to head-only irradiation were analyzed for vascular disruptions in the brain.
To address these issues we implemented two relatively new and different strategies using two distinct rodent models in order to quantitatively analyze radiation-induced microvascular changes in the brain. To assess acute changes in the microvasculature, mice were subjected to intravascular injection with a fluorescently-tagged lectin two days after cranial irradiation (Robertson et al. 2015) . Confocal analysis confirmed the specificity of vascular labeling and provided the z-stacks necessary for 3D deconvolution and rendering of vasculature surface area and volume (Fig. 3-5) . Quantification of microvessel volume in the irradiated hippocampus revealed significant reductions in capillary density compared to unirradiated controls (Fig. 5) . Similar analyses performed to calculate additional structural parameters of vessels including branch points, area, length, and number confirmed the capability of irradiation to reduce nearly every endpoint analyzed, albeit not all significantly (Fig. 6) . Past studies have confirmed the capability of irradiation to compromise the vascular bed, including changes in vessel wall thickness, dilation and endothelial apoptosis (Reinhold et al. 1990 ). Early apoptosis (< 24h) leads to relatively modest reductions in endothelial cell numbers and typically occur at doses in excess of those used in this study (Ljubimova et al. 1991) . Radiation-induced endothelial cell apoptosis is largely dependent on the second messenger ceramide, generated by the activity of acid sphigomylinases (Pena et al. 2000; Li et al. 2003) . While breakdown of the BBB is largely attributed to vascular apoptosis and disruption of tight junctions (Li et al. 2003; Yuan et al. 2003) , the lower doses used here did not lead to any overt leakage of the labeled lectin into the brain parenchyma, suggesting the absence of any significant acute changes in vascular permeability. Despite this, our data demonstrate that some of the early acute effects of cranial irradiation include significant disruption to the structure and density of microvessels in the brain.
While acute effects can be problematic to CNS function, the most critical normal tissue complications such as white matter necrosis and cognitive impairment that are associated with radiotherapy of the brain transpire at delayed times (Tofilon and Fike 2000; Fike et al. 2009 ). These so-called late effects are temporally coincident with the onset and progression of neurocognitive sequelae, and are generally not dependent on the early changes measured after irradiation (Tofilon and Fike 2000; Fike et al. 2009 ). To ascertain whether head-only irradiation caused longer-term changes in the vasculature of the brain, rats were analyzed for alterations in capillary density one month after exposure. Immunostaining for RECA-1+ capillaries revealed qualitative differences in vessel distribution, length and density in the dentate gyrus of the hippocampus (Fig. 4) . Quantification of these morphological changes showed that irradiation caused a persistent and significant reduction in the density of hippocampal microvessels. These data demonstrate longer-term effects of irradiation on the vascular bed, and suggest that radiation-induced disruption of the microvascular could compromise cerebral blood flow and interfere with neurotransmission and cognitive function.
Present results demonstrate the utility of two distinct approaches for quantifying radiationinduced microvascular changes in the brain of cranially exposed mice and rats. Each strategy utilizes software alogorithms able to quantify surface area and volume of lectin-or immunostained capillaries. Comparison of the two software platforms indicates that Imaris is superior to Neurolucida for a rapid quantification of microvessel parameters in 3D. The capability of Imaris to automate surface analysis, including 3D rendering, provides distinct time saving advantages compared to Neurolucida (Table 2) . However, both these quantitative tools provide the capability to undertake detailed structural analyses of the vasculature. Here we showed that head-only irradiation resulted in short and longer-term reductions in capillary density in mice and rats, respectively. Our selection of models was designed to illustrate how different techniques could be applied to the study of radiation effects on the vasculature of clearly different rodent models. While it was not our intent to compare these models directly, caution must be exercised when interpreting these data sets, as the temporal responses between mice and rats may differ over acute and more chronic post-irradiation times. Doses were selected to match past studies used to elicit cognitive decline in rodents (Acharya et al. 2011; Acharya et al. 2015b ), but remain significantly lower than those used for curative cranial radiotherapy (Butler et al. 2006) . Doses used in our work also avoid overt tissue injury, as past preclinical and clinical studies have indicated that neurocognitive sequelae will likely occur far below the dose thresholds necessary for macroscopic tissue destruction (Tofilon and Fike 2000; Fike et al. 2009 ). The fact that 9-10 Gy caused acute and longer-term changes in mice and rats respectively, suggests that each of these labeling methodologies would be useful for elucidating more detailed dose and temporal responses of vascular damage in the brain. Precisly how these changes contribute to the many neurocognitive side effect of cranial iradiation remains uncertain, but data indicate that disruptions to the microvasculature may contribute to the perturbation of neurotransmission and cognitive function.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Tomato lectin allows for rapid identification and 3D surface rendering of blood vessels throughout the brain. (A-B) Lectin 488 (green) was administered to mice via tail vein injection and animals were perfused 30 minutes later. Brains were sectioned and stained with DAPI/TOTO-3 counterstain (blue) to identify nuclei (20×/0.75 NA). Scale bars 70 and 40 µm, respectively. (C-F) 3D surfaces created using Imaris software allows for detailed analysis of microvessels based on volume, area, or length. (C) Nuclei were identified using DAPI/TOTO-3 counterstain (blue). Images are evaluated using the "Blend" setting to observe vessels and nuclei in 3D. (D) Background nuclei were then removed by turning the DAPI channel off for vessel analysis. (E) After 3D surface was created, vessels were separated based on volume (small vessels in purple; large vessel in turquoise). (F) Filaments were created to calculate vessel length and number of branch points (red) and cells attached to vessels isolated and analyzed (blue). Surface rendering allows for 3D analysis of microvessels. A reduction in microvessels was observed within the DG following 9 Gy irradiation compared to 0 Gy controls. Surfaces were created from lectin-stained vessels (red) and nuclei were DAPI counterstained (blue).
Images were taken at 60×/1.4 NA. Scale bars = 30 µm (top) and 20 µm (bottom). Reduction in blood vessel parameters within the hippocampus of irradiated mice. All values were normalized to unirradiated controls (blue dashed line). Mean volume (µm 2 /µm 3 × 100), number of branch points, mean area (µm 2 ), mean length (µm) and total vessel number were all reduced 2 days following 9 Gy cranial irradiation relative to 0 Gy controls. Data are presented as mean ± SEM, set as the relative radiation-induced change of each individual endpoint relative to the average control values; 4 mice per group. *p = 0.05, **p = 0.01, ***p = 0.001; unpaired t-test with Welch's correction. Cranial irradiation also affects hippocampal microvasculature in rat brain one month postirradiation. (A-B) Quantitative analysis of RECA-1 + immunoreactive capillaries showed marked reductions in capillary distribution and shrinkage 1-month following head-only irradiation (black with nuclear fast red counterstain; dentate hylus (DH), subgranular zone (SGZ) and granule cell layer (GCL); Scale bar 50 µm). Neurolucida assessment of capillary volume within the hippocampal SGZ showed a significant reduction in capillary volume post-irradiation (C). Data are presented as mean ± SEM; 4-6 rats per group. *p < 0.002. Scale bar 50 µm. Surface area (µm 2 ) 1.5 × 10 5 1.9 × 10 4 1.1 × 10 5 1.5 × 10 4
Total length (µm) 5.7 × 10 3 8.3 × 10 2 4.7 × 10 3 6.2 × 10 2
Volume of tissue analyzed (µm 3 ) 9.4 × 10 6 9.4 × 10 6
Raw microvessel parameter data from control (0 Gy) and irradiated (9 Gy) mice. All parameters are reduced in irradiated animals compared to unirradiated controls. The volume of tissue analyzed was the same for both groups.
